the response function inaccuracy than fiber populations with more orthogonal separation 15 angles. Furthermore, the FOD characteristics show deviations as a result of modified shape 16 and scaling factors of the response function. Results with the in vivo data demonstrate that the 17 deviations of the FODs and spurious peaks can further deviate the termination of propagation 18 in fiber tracking. This work highlights the importance of proper definition of the response 19 function and how specific calibration factors can affect the FOD and fiber tractography results. 20 3 21 Keywords: Diffusion MRI; constrained spherical deconvolution (CSD); response function; fiber 22 orientation distribution (FOD); brain fiber tractography; apparent fiber density (AFD). 23 4 24
Diffusion MRI of the brain enables to quantify white matter fiber orientations noninvasively.
3 Several approaches have been proposed to estimate such characteristics from diffusion MRI 4 data with spherical deconvolution being one of the most widely used methods. Constrained 5 spherical deconvolution requires to define -or derive from the data -a response function, 6 which is used to compute the fiber orientation distribution (FOD) . This definition or derivation 7 is not unequivocal and can thus result in different characteristics of the response function which 8 are expected to affect the FOD computation and the subsequent fiber tracking. In this work, 9
we explored the effects of inaccuracies in the shape and scaling factors of the response 10 function on the FOD characteristics. With simulations, we show that underestimation of the 11 shape factor in the response functions has a larger effect on the FOD peaks than 12 overestimation of the shape factor, whereas the latter will cause more spurious peaks.
13
Moreover, crossing fiber populations with a smaller separation angle were more sensitive to
Introduction

26
Diffusion MRI allows to characterize tissue microstructure in vivo and noninvasively by 27 measuring the anisotropic diffusion of water molecules [1, 2] . Diffusion tensor imaging (DTI) [3] 28 is the most widely used model in clinical studies to relate the diffusion MRI signals to the 29 diffusion characteristics of the underlying tissue. However, DTI is inadequate to estimate the 30 directional information in voxels containing crossing fibers [4, 5] . A commonly used approach 31 to resolve more complex fiber configurations in the brain is spherical deconvolution (SD) [6-32 8] . SD also allows for the extraction of fiber population specific microstructural measures 33 derived from the magnitudes of the fiber orientation distribution (FOD) functions, such as 34 apparent fiber density (AFD) [9] and hindrance modulated orientational anisotropy (HMOA)
35
[10].
36
SD requires an appropriate response function as input to estimate the FOD [7] . The 37 response function, representing the diffusion signal for a single fiber population, is ideally 38 calibrated from the acquired diffusion MRI data [11, 12] . In brief, for each subject, the voxels 39 containing only single fiber populations are localized, and an average of the diffusivity 40 characteristics within those voxels is used to represent the subject specific response function.
41
An inadequately chosen response function can affect the quantification of FOD characteristics 42 like AFD and HMOA, as well as the fiber tractography.
43
In order to compare inter-subject AFD, Raffelt and colleagues [9] chose a response 44 function common to all subjects to minimize the differences between subjects for voxel-wise 45 AFD comparison. However, this may potentially result in a bias in the estimated FOD.
46
Specifically, the use of such a common response function for group-wise analysis may cause biases in the FOD peak orientations for individual subjects. Therefore, whereas a common 48 response function is optimal for the comparison of AFD and HMOA in group studies [9] , it is 49 unclear whether this is also optimal for group-wise tractography studies because of the 50 potentially inaccurate FOD peak orientations and concomitant spurious FOD peaks. Intuitively, 51 the difference in response function characteristics across healthy subjects are not expected to 52 be large, as response functions are generally averaged from more than hundreds of voxels 53 that are supposed to contain single fiber populations [6, 7, 12] . This was partly demonstrated by 54 Jeurissen and colleagues [13] , who studied the inter-subject response functions of 100 healthy 55 subjects from the Human Connectome Project (HCP) [14] and observed only subtle 56 differences. Accordingly, it seems justified not to be too concerned about inter-subject 57 response function variability in healthy subjects, since either using averaged response 58 functions or individual response functions is not likely to affect the FOD profiles in the HCP 59 dataset. However, although the differences in the response functions of healthy subjects may 60 be small [13] , this is likely not the case for subjects with some form of pathology. The inter-61 subject signal deviations do raise concern for aging and diseased groups. 
80
The results of that study demonstrate that sharper response functions resulted in more 81 spurious peaks in the FOD profiles, and that the mismatch of the calibrated-targeted response 82 functions introduced uncertainty on the main FOD peak orientations. However, in previous 83 work [15] , the authors used the FA value as a metric to characterize the response functions, a 84 strategy which is unable to describe the true axial and radial diffusivities in crossing fibers [16] .
85
Changes in FA entangle changes in the axial and radial diffusivities, so that the effects on 86 these two diffusivities could not be studied straightforwardly. Here we seek to disentangle 87 these effects and, complementing earlier studies [15, 17] , also aim to quantify both the effect 88 on peak magnitude and angular deviation.
89
In this manuscript we studied how variations in the response function affect voxel-wise studies, signals with up to 60 gradient directions are generally acquired, limiting the order of 120 the spherical harmonics to 8, which we also adopted in this work.
121
The FODs are used to infer information on the orientation of the fiber pathways under 122 the assumption that the FOD peak orientations coincide with the underlying fiber directions.
123
To reconstruct the FOD, truncation of the spherical harmonics is needed, causing the so-called
124
"ringing" effect on the FOD profiles, which introduces implausible negative values. In order to 125 suppress the ringing effect and the sensitivity to noise, the regularization of FOD was proposed 126 [7, 19, 24] to improve the conditioning of the deconvolution problem, which is further referred to 127 as constrained SD (i.e., CSD). In addition to directional information, the magnitudes of the FOD The response function used in the CSD process can be either simulated or derived 135 directly from the data. Following the latter approach, which is more common, voxels that have 136 a high chance of containing single fiber populations are used to calibrate the response function.
137
A straightforward approach to numerically implement the concept of a single fiber population 138 is to threshold, for instance, the fractional anisotropy (FA), above a pre-defined value.
139
However, the choice of FA threshold is not trivial and can cause inaccuracies in the response 140 function estimation [12] . A data-driven method using a recursive calibration framework was 141 proposed to estimate the response function from the subject data in an unbiased way [12] .
142
This method estimates which voxels contain single fiber populations by iteratively excluding 143 voxels which do not have a single dominant orientation and updating the estimated response 144 function.
145
The choice of the fiber response function has an impact on the peak directions and 
167 where and are the axial and the radial diffusivity of the single fiber population, is the ( , )
168
polar angle set between the fiber orientation and the applied gradient. Given the axial 169 symmetry property of the diffusion tensor, Eq.
(1) can be simplified as , ( ) = cos 2 + sin 2 = cos 2 +
(2) 170 where is the absolute difference between the axial and radial diffusivity. For simplicity, = -
171
if we assume that the signal from each fiber population is a function of , then the ( , )
172 diffusion-weighted signal can then be rewritten as [3] ,
where is the non-diffusion-weighted signal and is the b-value that represents the strength = , ( ) = 0 e -( cos 2 + ) 0 e -cos 2 (4) 176 where . Eq. (4) highlights the dependency of on the shape factor and the scaling = e -
177
factor , following the definition in previous studies [8] . In this equation, the scaling factor 178 depends only on the radial diffusivity of the fiber response, representing the isotropic diffusion 179 within the fiber population, whereas the shape factor depends on the difference between the 180 axial and radial diffusivities, representing the anisotropic diffusion within the fiber population. Since the response function is intrinsically based on the shape and scaling of the 185 fiber population diffusivities, can be written in the same form as the signal of a fiber population 186 imposed by the gradient at an elevation angle with the fiber orientation, which is identical to 187 Eq. (4), i.e.,
.
According to Eq. (5), we can modify (i) the shape factor of the response function, by varying 189 only the axial diffusivity with a fixed radial diffusivity, to keep constant; and (ii) the scaling 190 factor of the response function, by changing simultaneously the axial and radial diffusivity,
191
to not alter the shape factor . We can then study the effects of on FOD characteristics, by 192 selectively introducing a discrepancy into the shape or the scale of a simulated single fiber 193 signal with respect to the response function. 
where is the volume fraction of each fiber population, is the total number of fiber 205 populations intercrossing the voxel, and is the angle between the applied gradient and the ( )
206
fiber population. In our work, we focus on configurations of two crossing fiber populations, ℎ 207 but the equations of generating the diffusion-weighted signals can also be extended to analyze 208 the FOD characteristics for more than two fiber populations. 
248
For both simulations, two sets of response functions were tested to achieve (a) different 249 shape but the same scaling factors, by increasing from to 0.6 × 10 -3 mm 2 /s 1.8 × 10 -3
250
with steps of , while keeping constant (Fig. 1a) ; and (b) the same mm 2 /s 0.1 × 10 -3 mm 2 /s 251 shape but different scaling factors, by decreasing from 0.7 to 0.3 with steps of 0.1, while 252 keeping constant (Fig. 1b) . We clustered the peak directions to make sure that we are always comparing the 262 angular deviations between the simulated fiber orientation and the FOD peak orientation most 263 closely aligned to that orientation. Like in other studies [16, 32, 33] that compare axial and radial 264 diffusion characteristics, we also included an angular threshold (e.g., cos (θ) > 0.7, which 265 means approximately θ < 45 • ) to make sure the correct peaks were being extracted for further images, and with an isotropic spatial resolution of 1.25 x 1.25 x 1.25 mm 3 . We performed CSD 275 based tractography in ExploreDTI with a step size of 1 mm, an FOD threshold of 0.1, an 276 angular threshold of 30 • , and seeding points per 2mm x 2mm x 2mm across the whole brain.
277
All the tracts were constructed with deterministic fiber tracking to facilitate data interpretation. The reference response function for the in vivo dataset was represented by the diffusion 282 tensor fit to the response function, as estimated with the recursive calibration approach [12] .
283
Similar to the method described in Section 2.3.2, the diffusion tensor was used to model the average number of spurious peaks increases when the shape factor increases, but only slightly 311 increases when the scaling factor decreases ( Fig. 2A) . The angular deviation depends mainly 312 on the SNR and is far less affected by changes in shape or scale factor of the response function ( Fig. 2B) . By contrast, changes in peak magnitude (Fig. 2C ) and the AFD (Fig. 2D ) as a function 314 of shape and scaling factor of the response function are more pronounced than due to 315 differences in SNR level alone. Notice that the effect of changing the scaling factor (up to 316~60%) is roughly three times larger compared to changing the shape factor (up to ~20%). for different SNR levels. Overall, performing spherical deconvolution with sharper response 333 functions (i.e., higher values of the shape factor) generally introduces more spurious peaks.
334
On the other hand, CSD fails to extract all the simulated peaks from the estimated FODs when 335 the response function shape factor has smaller values, in particular for separation angles 336 below 55 • . With higher noise levels, more spurious peaks are introduced, especially for higher 337 values of the shape factor. Furthermore, adjusting the scaling factor has no significant effect 338 on the estimated number of spurious peaks. While there are hardly any spurious peaks 339 introduced at the lower noise levels (SNR = 30 and 50), additional incorrect peaks can be 340 observed at the higher noise level (SNR = 10). when the two simulated fiber populations are orthogonal to each other (i.e., 90 • ) ( Fig. 4A) . At 359 the higher noise level (i.e., SNR = 10), the bias in the estimated separation angle due to 360 changes in the shape factor is swamped by the noise itself, especially for lower separation 361 angles. From the observed angular deviations in Fig. 4B (the first peak) and Fig. 4C (the 362 second peak) we can observe, in general, that for smaller simulated separation angles, the 363 adverse effects of changing the shape factor of the response function on the estimated FOD 364 angular characteristics are more pronounced. Fig. 5A shows the estimated separation angles between the two primary peaks.
390
Dashed horizontal lines indicate the simulated separation angles. Fig. 5B and Fig. 5C show population in relation to the response function shape factor (A, B) and scaling factor (C, D). In 400 Fig. 6A , at SNR 50 and 30, the AFD started at a very high value when the shape factor is 401 smaller than 0.8, 1.0 and 1.4 x 10 -3 mm 2 /s for the simulated separation angles of 55 • , 50 • and 402 45 • , respectively. The AFD values converge to the AFD of the other separation angles as the 403 shape factor increases. As shown in the angular characteristics results (Fig. 4) , when the 404 response function becomes sharper, the drop points of AFD for small separation angles 405 indicate the boundaries at which CSD is just able to separate the two fiber populations. In case 406 of the 40 • separation angle, only one FOD peak is obtained. The large difference in AFD for 407 small separation angles (45 • -55 • ) with decreased shape factors can be a confounding factor in 408 inter-subject comparisons of AFD studies, which will be discussed further in Section 4.3. At
409
SNR 10, the AFD differences are more related to noise than to the shape of the response 410 function for smaller separation angles (below 60 • ). As for the second peak (Fig. 6B) , the AFD 411 can change from -30% to 20% when the shape factor was modified from -50% to 50%, with partial volume effects and with mostly a peak number difference value of one. When the 436 difference in shape factor, denoted by Δ , increases by 0.1 mm 2 /s to 0.3 × 10 -3 × 10 -3 437 mm 2 /s, one can see the increase in occurrence of peak number deviations, such as, for 438 instance, in mid-sagittal regions of the corpus callosum. With the increase of difference in 439 scaling factor, denoted by Δ , regions containing CSF showed higher peak number differences 440 than regions with white and gray matter. 
445
The background is an axial view of the FA map. The peak number difference mostly occurs in 446 grey matter and CSF areas, and crossing fiber regions for white matter, as indicated by the 447 colormap. In regions with single fiber populations (e.g., middle parts of the corpus callosum)
448 spurious peaks are hardly present.
449 450 Fig. 8 shows the angular difference between the primary FOD peak, computed with the 451 tensor-fit to the recursive calibrated response function, and the FOD peak obtained with the modified shape and scale factors of the response function. In general, regions containing 453 crossing fibers are affected most when modifying the shape of response functions, with angular 454 deviations of the main FOD peak of up to 3 • . Notice that the angular deviation is mostly affected 455 by changing the shape factor, rather than the scaling factor. In addition, while changing Δ did 456 not affect the angular deviation, increasing the magnitude of Δ resulted in larger angular 457 deviations in the same locations. data set. The AFD shows a very different pattern in relation to the shape factor changes 473 compared to scaling factor changes. The AFD differences are homogenous throughout the 474 brain when the scaling factor varies, while the outliers indicate the voxels where there are 475 potential geometrical differences in the estimated AFD from the reference, such as merging or 476 spurious peaks. The AFD differences are up to 98% when the scaling factor decreased by 477 0.2. When changing the shape factor with -0.3 mm 2 /s to 0.3 mm 2 /s, the highest × 10 -3 × 10 -3 478 differences (around 6 to 8%) were observed in areas with a single-fiber population, such as 479 the corpus callosum. Notice that bigger changes of the shape factor α makes the AFD 480 difference more heterogeneous across the brain. At SNR levels of 30 and 50, the FOD characteristics are consistently affected by the 550 choice of the response functions, while at SNR of 10, noise is the dominating factor that affects 551 the FOD properties (Fig. 3 ). In addition, more spurious peaks are observed at SNR of 10. At 552 relatively high SNR levels, the shape factor of the response function has a greater impact on 553 the results than the scaling factor. In particular, using a sharper response function for 554 separation angles below 50 • can potentially increase the angular resolution of CSD and can, 555 therefore, improve the estimation of the number of peaks (Fig. 3) . The shape of the response 556 function was reported to vary with axonal injury and brain maturation, whereas the scaling 557 factor was observed to change as result of demyelination, axonal diameters and axonal density 558 changes [10, 35] . This implies that in brain regions affected by disease, applying CSD with a The extent to which the FODs will be affected by the response function depends largely 565 on the separation angle between crossing fiber populations (Fig. 4) . More orthogonally 566 crossing fiber orientations are less sensitive to response function changes, as originally 567 suggested in the spherical deconvolution paper [6] . In voxels containing crossing fiber 568 configurations with smaller separation angles (e.g., below 60 • ), the average angular deviations 569 and their variance increase rapidly with lower shape factors of the response function. By 570 contrast, a higher shape factor of the response function results in a smaller bias in the 571 computation of the FOD peak orientations than the underestimation of the shape factor ( Fig. 4 572 and Fig. 5 ). For fiber populations with separation angles below 55 • , CSD fails to estimate the correct 577 number of peaks when response functions with a lower shape factor are employed, leading to 578 artificially higher AFD values (Fig. 6 ). As FOD peaks merge together when the shape factor is 579 further decreased, the AFD becomes close to the integral of the total FOD amplitudes within 580 the voxel. This is shown in Fig. 6 for simulated separation angles between 45 • to 55 • . For these 581 relatively small separation angles, the large AFD difference is caused by the limited angular 582 resolution of CSD with the simulated settings. Previous studies [36] reports AFD as a more 583 sensitive diffusion marker in traumatic brain injury than the traditional metrics. However, one 584 should be aware that these changes in AFD in the presence of pathology could result from 585 global response function differences between subjects, rather than local diffusivities This study demonstrates with numerical simulations and in vivo HCP data that 622 decreasing the shape factor of the response function can cause large angular deviations of the 623 FOD peak orientations in crossing fibers. Sharper response functions are responsible for 624 introducing spurious peaks, which can also confound subsequent tractography results.
625
Extremely low shape factors of the response function can cause significant angular deviations 626 and may complicate the interpretation in studies involving pathology. In addition, although 627 individual angular deviations of FOD peak orientations are small for single voxels at most 628 separation angles, the adverse effect can accumulate for brain tractography. Since smaller 629 separation angles are more sensitive to changes of response function shape factors, future 630 work of inter-subject AFD and pathological groups should be aware of this possible 631 confounding factor when investigating brain structures with crossing fiber configurations. 632 633
